In this paper we provide evidence of the temporal fluctuations of the phase modulation property of a liquid crystal on silicon (LCoS) display, and we analyze its effect when the device is used for displaying a diffractive optical element. We use a commercial twisted nematic LCoS display configured to produce a phase-only modulation, and we provide time resolved measurements of the diffraction efficiency that show rapid fluctuations of the phase modulation, in the millisecond order. We analyze how these fluctuations have to be considered in two typical methods for the characterization of the phase modulation: two beam interference and diffraction from a binary grating. We finally provide experimental results on the use of this device for displaying a computer generated hologram. A reduction of the modulation diffraction efficiency results from the phase modulation fluctuation. Opt. Eng. 29, 240-246 (1990 
Introduction
Liquid crystal (LC) microdisplays have found a widespread range of applications in different areas like diffractive optics [1] , optical storage [2] , or optical metrology [3] . Liquid crystal on silicon (LCoS) displays have become the most attractive microdisplays for these applications due to their very high spatial resolution and very high light efficiency [4] . However, several authors [5] [6] [7] [8] [9] have detected that LCoS displays produce certain amount of depolarization. We have recently demonstrated [8, 9] that this depolarization effect is caused by temporal fluctuations of the state of polarization (SOP) of the reflected beam, originated by fluctuations of the LC molecular orientation as a function of time. These fluctuations are produced in time intervals smaller than the LCoS frame period and they are due to the way the electrical signal is addressed to the LCoS display.
For the above mentioned applications, it is very desirable to achieve a phase-only modulation regime, where a linear phase modulation up to 2π is produced versus the addressed gray level, without coupled depolarization or coupled amplitude modulation. This modulation regime maximizes the modulation diffraction efficiency [10] . Many works have demonstrated in the past the usefulness of liquid crystal displays to act as phase-only spatial light modulators [11] [12] [13] [14] . LCoS devices have also been employed as phase-only displays [15, 16] . Usually, all these works consider that the phase-only diffractive screen is a static mask. Some other works change the diffractive screen by means of different images encoded onto different frames of the video signal [17, 18] . In general, the phase modulation properties of LCDs have been analyzed by means of Jones matrix based methods. However, the above mentioned depolarization effects led to the use of the Mueller-Stokes formalism in the study of LCoS displays [5] [6] [7] . We have recently combined both types of analysis to evaluate the depolarization as well as to find polarization configurations that lead to an amplitude-only or to a phase-only modulation [19] .
In this work we advance a step forward and we analyze the effects originated from the rapid fluctuations present in LCoS displays when they are operated as phase-only modulators for applications in diffractive optics. First we compare two standard methods used to characterize the phase modulation as a function of the addressed gray level. We will show that a two beam interference method permits to measure the mean phase modulation. Alternatively, we propose using a phase-only diffraction grating method, but taking timeresolved measurements of the intensity of the generated diffraction orders. While the first method (two beam interference) provides the mean phase for building a gray level look-up table, the second method provides a demonstration of the phase modulation time fluctuation within the frame period interval. As an example, we finally report on the application of the LCoS device to display a phase-only computer generated hologram.
The outline of this paper is as follows. In section 2, a theory associated with the fluctuations phase phenomenon is presented. In section 3 the phase modulation measurement by a diffractive method is presented. Time-resolved phase measurements show strong time fluctuations of the phase modulation. In section 4 we use a simple model to analyze the time averaged phase measurements. We show that the use of time averaged intensity measurements leads to wrong results in the measured phase. The problem is overcome by the interference method presented in section 5. With this method the mean value of the temporal fluctuating phase modulation is directly obtained. We compare these mean values with the averaged of the time-resolved phase measurements and we show that they coincide. The effects of the phase fluctuations in the diffraction efficiencies of diffractive optical elements are shown in section 6. Finally, the conclusions are presented in section 7.
Phase modulation in LCoS displays
The use of LCDs to display phase-only diffractive elements is based on achieving a phaseonly modulation configuration, where the display modifies the phase of the incoming light beam controlled through the addressed gray level. This can be easily achieved in parallel aligned displays by selecting the input beam linearly polarized in the orientation of the LC molelcular director. In twisted nematic displays, phase-only modulation is obtained by using the appropriate elliptical polarization configuration [12] [13] [14] 19] .
In modern LCoS displays, the electrical addressing control results in a temporal fluctuation of the voltage signal applied to each pixel [20, 21] . These fluctuations have been reported in phase-only devices like electrically controlled birefringence (ECB) displays, and refreshing rates of kHz have been proposed to minimize its effect [22] . In other types of LCoS displays they result in time fluctuations in the reflected state of polarization (SOP), that depend on the input polarization and on the addressed gray level. These fluctuations results in an effective depolarization effect when the final optical detector averages over time intervals greater than the frame period [8] [9] [10] . In this situation, the Mueller-Stokes (M-S) formalism is more suitable to calibrate the polarimetric properties of these devices. However, the LCoS display description by means of the (M-S) formalism is not complete, missing the phase information. In Ref. [19] , the polar decomposition [23] of the characterized Mueller matrix for the LCoS was applied. In this sense, the Mueller matrix of the LCoS display is decomposed as the product of three Mueller matrices: a depolarizer, a retarder and a diattenuator. We demonstrated that the diattenuation is negligible, and the retarder component was assigned to an equivalent Jones matrix to evaluate the phase modulation properties.
In Ref. [8] time resolved measurements of the Mueller matrices of the LCoS display have shown that the depolarization effect is due to temporal fluctuations in the reflected SOP, but the instant degree of polarization (DoP) is maintained equal to one. Therefore, at every instant of time, the LCoS display can be described by the retardance component of the experimental Mueller matrix, which can be related to the equivalent Jones matrix. Therefore, the LCoS display under time resolved measurements can be regarded as a nonabsorbing polarization device, described with a unitary Jones matrix given [24] by the relation:
where β(t) represents the global mean phase shift, and the complex parameters A, B depend on the addressed voltage and fulfil the condition |A(t)| 2 +|B(t)| 2 =1. The Jones vector of the reflected beam can be written as follows:
and
The parameters φ and θ totally describe the input SOP, being φ the phase difference between the orthogonal electric field components and θ the azimuth angle. An arbitrary input SOP can be generated by means of a polarization state generator (PSG), composed by a linear polarizer followed by a quarter-wave plate (QWP 
where ( ) ( )
. A phase-only configuration is obtained when the modulus |z(t)| is maintained constant with time and for all different gray levels addressed to the display. Then, the phase modulation Φ can be understood as the addition of two phase contributions:
where δ(t) is the argument of z(t). The depolarization effect reported at Ref [6] is a consequence of the temporal variations of the modulus |z(t)|. In polarimetry, it is the intensity |z(t)| 2 what is measured for each of the PSD configurations used to obtain the Stokes parameters for the SOP [6] . Thus, a configuration that shows no depolarization effect can still show phase fluctuations, due to the contribution of the phase terms β(t) and δ(t). For instance, in a parallel aligned display, if the illumination beam is linearly polarized parallel to the LC director, the emerging SOP is always linearly polarized, and fluctuations of the LC molecules will not cause depolarization but will cause phase fluctuations.
Measurement of the phase fluctuations by a diffractive method
In order to measure the experimental phase modulation provided by LCDs, several wellknown measurement techniques have been proposed in the literature [25] [26] [27] [28] . Typically, two different types of techniques are used: interferometric methods [25, 26] or diffractive methods [27, 28] . In this section we will show that the diffractive methods are very adequate to show the evidences of the phase modulation fluctuation, by using an oscilloscope to detect fast changes in the output intensities on the diffraction orders. We use a LCoS display from Philips, model X97c3A0, sold as the kit LC-R2500 by Holoeye. It is a 2.46 cm diagonal monochrome reflective 45º twisted nematic LCoS display, with XGA resolution (1024 x 768 pixels), and with digital data input and digitally controlled gray scales with 256 gray levels. The pixels are squared with a pixel center to center separation of 19 μm and a fill factor of 93%. The experimental set-up is sketched in Fig. 1 . The unexpanded beam of a He-Ne laser (λ=633 nm) impinges onto the LCoS display, with an angle of incidence of 2º. A polarization state generator (PSG) is placed at the incident beam, composed by a linear polarizer (LP 1 ) and a quarter wave plate (QWP 1 ). A half wave plate (HWP 0 ) is introduced in front of the PSG in order to orient the linear polarized light coming from the laser parallel to LP 1 . On the other hand, at the reflected beam we have placed a polarization state detector (PSD), composed by a quarter wave plate (QWP 2 ) and an analyzer (LP 2 ). We selected a PSG and PSD configuration that yields a phase only modulation with maximum transmittance [6] . This configuration is given in Table inset in Fig. 1 , where the origin of the angular orientation for the polarization elements is given with respect to the vertical direction. Two detectors (Newport 1830-C) are placed in a far diffraction plane, which will be used to obtain time-resolved measurements of the zero and first diffraction orders generated by diffraction gratings displayed on the LCoS device. The synchronized detected signals are monitored onto an oscilloscope (Tektronix TDS3012B) and they allow us to study the fluctuations of the intensity.
We first verified that the average intensity response of the LCoS display in this configuration is constant as a function of the gray level. For that purpose, we addressed a constant gray level and measure the intensity at the zero diffraction order. Figure 2 (a) shows the average intensity as a function of the addressed gray level, which shows that it is maintained constant at almost perfect 100% transmission in the whole range. The intensity values are normalized to the maximum transmission value. Figure 2 (a) also shows the degree of polarization (DoP), which has been measured following the method in [6] . It shows that the depolarization effect is negligible for this configuration, since DoP is equal to one for all values of gray level. This is a logical result since the configuration that yields maximum transmission at the exit must maintain the emerging SOP almost constant over the entire range of gray levels. Otherwise, a coupled intensity modulation would be present. In Fig. 2(b) we show the evolution of the intensity versus time for three gray levels. We can see that there is a certain fluctuation with time of the intensity values, which depends on the addressed gray level. Nevertheless, the average intensity is almost constant as a function of the gray level, as it is shown in Fig. 2(a) . We note that for gray level GL=0 the detected intensity signal is constant, denoting that there is not fluctuation in the LC orientation for this gray level.
Next we address a binary grating to the LCoS display and measure the intensity of the zero and first diffraction orders. As the amplitude is the same for the two gray levels we consider only a phase difference between the two levels Φ(t) that depends on the time. Analytical expressions for the intensity in order 0 and in order 1 can be derived as a function of Φ. In particular, if the grating period is twice the width cell, the normalized intensities at 0 order and orders ±1 are given by [27] :
From these relations, the phase modulation can be found as follows: As an example, Fig. 3 shows the intensity measured as a function of time at the zero and first diffracted orders when addressing binary gratings using the gray levels (0,120), (0,211) and (0,255). The intensity of the orders has been normalized to the mean value of the intensity measured at the zero order when a constant image is addressed to the LCoS display with the two gray levels of the grating. In all cases we see that the intensity at the diffraction orders also shows the characteristic time fluctuations. In Figs. 3(a) and 3(c) the zero order is in general more intense than the first diffraction order. On the contrary, for the grating (0,211), the first order intensity is greater than the zero order intensity, which even vanishes at certain time intervals. The maximum value of the intensity at the first diffraction order reaches 0.4, denoting that the diffraction grating acts as a phase-only binary grating with a phase difference of π radians.
By means of this procedure, we have used Eq. (7) to obtain the experimental phase difference when addressing different binary gratings to the LCoS display, corresponding to different pairs of gray levels. In Fig. 3(d) , the instantaneous phase values as a function of time are shown corresponding to the binary gratings with gray levels (0,120), (0,211) and (0,255). In all cases fluctuations appear in the phase modulation. Particularly interesting is the case for the grating (0,211) where the mean phase difference is equal to 180º, but it is accompanied with a great fluctuation of almost 120º. These results are in agreement with those in Ref. [9] , where the highest depolarization effect was observed around gray level 180. In both cases, the depolarization effect and the phase modulation fluctuation are originated from fluctuations in the orientation of the LC molecules, which appear to be the largest for this range of gray levels in our display. 
Analysis of time averaged measurements
From the previous results it is clear that the phase-shift measured at the LCoS reflected beam is far to be constant into a frame period. Thus, the hypothesis of constant phase during the measurement time is not valid. In a large number of optical applications, as in holographic data storage [2] or diffractive optics [29, 30] , the integration time required is substantially higher than the LCoS frame period. In addition, methods for the characterization of the phase modulation based on interferometric systems [25, 26] , also usually employ CCD cameras where the integration time is much greater than the fluctuations observed in the LCoS display. In this section we study how the phase fluctuations will affect measurements when experimental data are averaged over several frame periods. In this situation, the intensity measurements of the zero and first diffraction orders are given by: , which depends on the phase fluctuations of ( ) t Φ . As we see in Fig. 3(d) , the phase fluctuations for many gray levels present a triangular like shape. Therefore we adopted the simplified model shown in Fig. 4(a) , where the phase variation as a function of time is a triangle function of period T, mean value Φ and with a difference between maximum and minimum values equal to 2a. In this situation, time averaging of the cosine term is: ( ). 
Therefore, the average intensities in Eq. (8) These results show an important feature when using the diffractive method to measure the phase modulation. If phase fluctuations are present in the LCD, the diffractive method explained in Section 3 will lead to incorrect values of the mean phase modulation
, unless time resolved measurements are considered. To prove this statement, let us adapt Eq. (7) to the case where a time averaging detector is employed. We consider ΦM as the phase derived from Eq. (7) This equation shows that in the presence of phase fluctuations, the mean value Φ obtained by averaging instantaneous measurements of Φ(t) is different to the value ΦM derived from averaged intensity values of the intensities at the zero and first diffraction orders. Only for small values of a, the sinc type function in Eq. (11) is close to one and the values of ΦM can be assumed to correspond to the value of Φ . The results in Fig. 3(d) show that the strongest phase oscillation happens in our display for gray level 211, with a parameter a ≈ 50 deg around the mean phase value Φ = 180º. In this situation the maximum expected discrepancy between ΦM and Φ is approximately of 30º. 
Analysis of the two beam interference characterization method
Interferometric methods are another standard technique to measure the phase modulation in LCDs [25, 26] . Typically a two beam interferometer is built, where two light spots traverse two region of the LCD with different addressed gray level. The shift of the interference fringes serves as a measurement of the phase modulation. We built up such an interferometer in reflection (Fig. 5) . The PSG and PSD are maintained. A diffraction grating is introduced before the LCoS so that the ±1 diffracted orders impinge onto two separate halves of the LCoS display (the other orders are filtered). After reflection, a lens recombines these two beams and the interference pattern is magnified by a microscope objective onto a CCD camera. One half of the LCoS is addressed with a constant zero gray level whereas in the other half the gray level is varied, in this way a fringe shift is obtained. where Φ (t) is the instantaneous phase shift, p is the period of the interference fringes on the CCD and x the coordinate in the CCD plane. We consider that the amplitude transmission in each area of the LCoS display is the same, and I0 is the intensity of a single point source.
If a fast camera were employed (as it was the case in Ref. [6] ), a rapid fluctuation of the interference fringes could be observed. However, if a standard CCD camera were employed, time averaged images could be captured. In this situation, the registered intensity interference pattern becomes:
In the last part of Eq. (13) the model of Fig. 4(a) was used. From this equation it is clear that the time average of the fringes given by the interferometric method is also a sinusoidal fringe with a shift proportional to the mean phase Φ , but with a reduction of the visibility of the fringes that is related to fluctuation parameter a. This is equivalent to a partial coherence of the source. Let us note that this characterization method does not permit to obtain an instantaneous value of the phase modulation (unless a very fast CCD is used), but on the contrary it presents the advantage of providing the correct mean value Φ (in opposition to the diffractive method, that is capable to easily provide time resolved measurements, but it provides wrong values if phase fluctuations are ignored).
We have compared the two phase characterization measurement methods. We measured the fringes displacement in the two beam interferometer and derived the mean phase. Figure  6 (a) shows an example of the fringe shift Δx as the addressed gray level changes. Figure 6 (b) shows the mean phase modulation Φ (white squares, IP) derived from these data. On the other hand we calculated the mean value of the instantaneous phases (MIP) derived from the measurements made with the diffractive method (Fig. 4) . They are also represented in (Fig. 3(d) ).
Effects in the diffraction efficiency of diffractive optical elements
One important application of LCoS microdisplays is as an element for displaying diffractive optical elements (DOE). In these applications, the diffraction efficiency becomes a relevant factor. Phase-only diffractive elements are of great interest since they maximize this parameter. When a phase-only diffractive element is displayed onto a spatial light modulator, the type of modulation defines an efficiency parameter named modulation diffraction efficiency [10] . This efficiency parameter is maximal, equal to 100%, when a pure and linear phase-only modulation up to 2π radians is achieved. For the case of binary phase modulation, the expected maximum modulation efficiency of around 40% is achieved when the phase difference is equal to π radians. In this case the DC term (zero order) vanishes.
In order to use the LCoS display as a device to display DOEs we modified the setup in Fig. 1 to include a spatial filter and a convergent lens on the input beam, in order to illuminate the whole LCoS area with a collimated beam, and another converging lens on the output beam. The CCD camera is placed on the back focal plane of the lens to capture the Fourier transform spectrum obtained by diffraction.
Because of the phase fluctuations that have been demonstrated previously, the diffraction efficiency of displayed DOEs will also fluctuate. As an example, we have tested the effect on two basic binary diffractive optical elements, with average phase levels 0 -π . The results in Fig. 6(b) show that this phase difference can be obtained (for the average phase values) for gray levels GL=0 and GL=211. The simplest binary DOE is the binary phase-only grating. The results for this diffractive element are shown in Fig. 7(a) , which shows the typical diffraction orders generated by the grating. However it is remarkable that, although the ±1 orders are stronger, the zero (DC) order does not vanish. In section 3 we also measured the instant intensities in the diffraction orders of a binary grating to show the intensity fluctuations. As one of the gratings used in section 3 coincides with the grating used in this section (both have two phase levels equal to 0 and π ) we can compare those results (Fig. 3(b) ) and the results obtained in Fig. 7(a) . In Fig. 3(b) the time resolved intensities of the zero and first diffraction orders for this case are shown. One can see that when the intensity of the zero diffraction order is equal to zero, the intensity of the first one is about 0.4, what is consistent with a binary phase grating with an instantaneous phase difference equal to π . The intensity of the diffraction orders in Fig. 7(a) correspond to the mean values of the time resolved measurements in Fig. 3(b) , which are 0.377 for the ±1 orders and 0.059 for the zero order. Next we displayed a binary phase computer generated hologram designed to reconstruct a butterfly. The results are shown in Fig. 7(b) . A linear phase along the diagonal direction is added to spatially separate the reconstruction of the different terms. In this way we separate the zero and ±1 orders. The butterfly is reconstructed in the ±1 orders with an efficiency equivalent to that of the first diffraction order in Fig. 7(a) . The -1 order results in an inverted version of the butterfly, as expected. Again, the zero order term appears in the form of a DC peak located on axis, originated from the time fluctuations in the phase modulation. The video files linked to Figs. 7(a) and 7(b) show an interesting feature. These videos have been captured with the CCD camera operating at the shortest integration time, and a pulsation is observed in the zero diffraction order caused by the two different frequencies (the frequency in the CCD camera and the frequency in the LCoS display).
Conclusions
In summary, we have shown a new effect, experimentally detected, related to the fluctuation of the LC molecules in a LCoS display: the time fluctuation of the phase modulation. We have experimentally shown the evidence of these phase fluctuations by configuring the display in a phase-only modulation scheme and by taking time resolved measurements of the intensity of diffraction orders generated by a grating displayed onto the device.
We have studied the suitability in the presence of these time fluctuations of two experimental set-ups typically employed to measure the phase modulation. The first one is the above mentioned diffractive method based on addressing a binary grating to the display and measuring the intensity of the diffracted orders. This set-up is capable to provide time resolved measurements of the phase modulation. However, we demonstrated that this method leads to wrong values of the phase modulation if phase fluctuations are present but a slow detector, which measures time averaged intensity values, is employed. The second characterization method analyzed in the presence of phase fluctuations is the two beam interference technique. In this case we demonstrated that, in the case of using a standard CCD camera with integration times much longer than the frame period, the mean phase modulation is measured, independently of the phase fluctuations. These are visualized in the form of a reduction in the fringes contrast, but the fringe displacement remains only dependant on the mean phase. We have demonstrated that the mean phase modulation measured with the interferometric set-up coincides with the mean of the instantaneous phases measured with the diffractive method.
Finally, we displayed two binary-phase diffractive optical elements: a diffraction grating and a digital hologram. Then, we analyzed the phase fluctuation effect on the reconstruction. We selected two gray levels with a difference in mean phase equal to π radians, and we showed that the phase fluctuation results in a reduction of the diffraction efficiency, which is mainly visible in the form of a zero order DC term. Thus, because of the phase fluctuations the zero order in the reconstruction of the digital hologram is unavoidable.
